1. An indicator-dilution technique was used to determine human leg blood flow at rest and during exercise. The method is based on the infusion of Indocyanine Green into the femoral artery with blood sampling from the femoral vein at the level of the inguinal ligament. Evidence for mixing of dye and blood is presented, based on the finding of equal dye concentrations at two different sampling levels in the femoral vein. The minimum time of infusion required for equilibration at rest is 3 min and during exercise 1 min 20 s.
1. An indicator-dilution technique was used to determine human leg blood flow at rest and during exercise. The method is based on the infusion of Indocyanine Green into the femoral artery with blood sampling from the femoral vein at the level of the inguinal ligament. Evidence for mixing of dye and blood is presented, based on the finding of equal dye concentrations at two different sampling levels in the femoral vein. The minimum time of infusion required for equilibration at rest is 3 min and during exercise 1 min 20 s.
2. Leg blood flow was measured in eight healthy athletic subjects at rest and during upright exercise on a bicycle ergometer at 400, 800 and 1200 kpm/min. Linear relationships were found between blood flow on the one hand and work intensity and pulmonary oxygen uptake on the other.
3. Leg oxygen uptake was measured as the product of blood flow and femoral arterio-venous oxygen difference. Linear regressions were found for leg oxygen uptake in relation to both work intensity and pulmonary oxygen uptake. Leg mechanical efficiency during exercise averaged 34%. 4. A formula for the approximate calculation of leg blood flow is suggested, based on the pulmonary oxygen uptake and the femoral arterio-venous oxygen difference.
The quantitative study of peripheral circulatory dynamics and limb metabolism in human subjects requires methods for measurement of blood flow which can be applied in a variety of clinical situations. Such methods do not appear to be available for leg blood flow determination. Although the indicator-dilution principle, which has been widely used for the determination of cardiac output, would seem to be applicable in the study of regional circulation, several theoretical objections and practical difficulties have limited its usefulness.
If blood flow in an extremity is to be measured by the indicator-dilution method, several conditions must be fulfilled (Zierler, 1961) . After constant infusion or sudden injection of the indicator, uniform mixing of dye and blood must be attained at some point before the sampling site. The circulation in the leg, in which both inflow and outflow are dominated by flow in a single vessel, permits two alternative applications of the indicator-dilution technique. If indicator is given into the fermoral artery, but uniform dispersion of dye and blood is not achieved before the bifurcation of the vessel, it is possible it will be achieved on the venous side in either the femoral or the external iliac vein. Total leg blood flow at rest has been measured by an indicator-dilution method which made use of a single arterial injection and femoral venous sampling (Hobbs & Edwards, 1963) . The shape of the dye curves was irregular, however, indicating great variety and dispersion of circulation times in the leg, and this made it difficult to distinguish the primary circulation of the indicator from the recirculation as is necessary for the calculation of flow. Other approaches utilizing specialized equipment for the injection and the recording of the indicator concentration time-course have been tried both at rest and during light exercise (Pentecost, 1964; Ganz, Hlavova, Fronek, Linhart & Prerovsky, 1964; Hlavova, Linhart, Prerovsky, Ganz & Fronek, 1965; Cobb, Smith, Lwai & Short, 1969) . No simple method is available, however, for the determination ofleg blood flow, nor does any information appear to have been published on leg blood flowin response to graded exercise in healthy subjects.
Forearm blood flow has been determined under resting conditions (Andres, Zierler, Anderson, Stainsby, Cader, Ghrayyib & Lilienthal, 1954) as well as during different types offorearm exercise (Wahren, 1966; Wahren & Hagenfeldt, 1968; Jorfeldt, 1970) by means of an indicatordilution method based on a constant rate, intra-arterial infusion of indicator. In the present study, a similar procedure has been applied to the measurement of leg blood flow, and the report includes blood-flow results obtained at rest and at different work loads of bicycle ergometer exercise in healthy subjects.
METHODS AND PROCEDURE
Ten healthy male subjects were studied in the post-absorptive state. They were all interested inphysical training and participated in various training programmes; some took part in competitive athletics (cross-country running and handball). Information on age, body dimensions and physical working capacity expressed as work load performed at a heart rate of 170 beats/min (PWC 170' kpm/rnin; Sjostrand, 1960) are given in Table l. In the studies on mixing of dye and blood, two catheters were inserted percutaneously into the femoral artery, one being directed 4-5 em proximally and the other a similar distance distally. Two catheters were also introduced into the femoral vein of the same leg; both were directed proximally, one being advanced 4-6 em and the other 10-14 em. Catheters were inserted into the femoral artery and vein of the other leg, both in the proximal direction. The vessels were punctured 2-3 em below the inguinal ligament. In all other studies a catheter was inserted into both femoral veins and into one femoral artery. The catheters were of Teflon, those used for the arteries having inner and outer diameters 0[0·6 and 0·9 mm respectively, and those for veins 0·9 and 1·2 mm.
The subjects were studied at rest in the supine position and during upright exercise on a bicycle ergometer (Elema-Schonander, Stockholm, Sweden) at work loads of 400, 800 and 1200 kprn/min. Indocyanine Green dye (Cardio-Green, Hynson Westcott & Dunning, Baltimore, U.S.A.) was infused through the proximally oriented femoral artery catheter at approx. 3 rug/min, by using a motor-driven infusion pump and calibrated glass syringes. Blood samples were taken simultaneously at timed invervals from all other catheters during the dye infusion. Expired air was collected at rest and during exercise at the different work loads and analysed by the Scholander technique. Arterial and femoral venous blood samples were drawn at rest and during exercise for spectrophotometrical determination of oxygen saturation (Holmgren & Pernow, 1959) and haemoglobin concentration (Drabkin & Austin, 1935) . Dye concentration PWC 1 7 0 = work load required to produce heart rate of 170jmin.
was measured on a spectrophotometer in serum samples (Wahren, 1966) . A calibration curve with known dye concentrations was prepared for each subject. Haematocrit was measured and corrected for trapped plasma (1'3%) as described by Garby & Yuille (1961) . Leg volume was determined by water displacement. Mechanical efficiency (ME) was calculated from the formula: ME = Mechanical work performed x 100 % (Total-basal oxygen uptake) x 4·9 x 427 0 where 4·9 is the calorific coefficient for oxygen and 427 is the factor relating kpm/min to kcalf min. All subjects were informed of the nature of the study and the risks involved before giving their voluntary consent. No complications occurred.
Standard statistical procedures were used (Snedecor, 1956) . Data in the text and tables are given as mean ±SD.
Routine methodfor determination of leg blood flow. Single catheters are introduced into the femoral artery and vein of one leg and into the femoral vein of the opposite leg, the tips being placed at or just above the inguinal ligament. Indocyanine Green solution is then infused through the femoral artery catheter (at approx. 3 mg/min in a dilution giving an infusion rate of 2-4 mljmin) and samples are taken from the femoral venous catheters. At rest, sampling may start after 3 min; during leg exercise of at least 400 kpm/min work intensity, sampling can begin after I min 20 s. Three or four pairs of samples are drawn and the concentrations determined spectrophotometrically against a calibration curve. The leg blood flow (F J is calculated from the concentration of the infused dye solution (Cj), the dye concentration in the femoral RESULTS vein of the infused leg (C.) and of the opposite leg (C,), the rate of infusion (F;), and the haematocrit (HCT) as derived for the calculation of brachial artery blood flow (Wahren 1966) :
However, for C,~C, as in the present study, the numerator may be approximated to FiC j • The term C, -C, is determined from three or four measurements.
Evaluation of method
Mixing ofdye and blood. Mixing of dye during infusion into the femoral artery was evaluated both at rest and during exercise by comparing the concentration of dye in blood samples from the femoral artery just distal to the site of infusion with the concentration in samples obtained from two different levels in the femoral vein. Corrections were made for recirculation based on the dye concentrations in blood from the contralateral femoral artery and vein. Blood samples were drawn simultaneously from all catheters at timed intervals during infusions of 3-6 min duration at rest and 2-3 min during exercise. Two infusion rates were used, 30-35 mljmin and 3-3'5 mljmin. .
--.--.
---. The stability of the dye concentration in femoral venous blood from the infused leg was assessed by calculating the non-systematic variability of concentration from consecutive determinations and expressing it as the SD for a single determination. In Table 3 this value is compared with the SD for a single determination obtained from multiple analyses of the same blood sample. The results indicate that the variability of indicator concentration during exercise is no greater than that associated with the error of method. There is thus no indication that variability of dye concentration is induced by inadequate mixing. At rest, however, this comparison showed a slightly larger dispersion of dye concentrations than could be expected from the analytical error (Table 3) .
The arterial dye concentration distal to the site of infusion at an infusion rate of 30-35 ml/rnin agreed with the venous concentrations in three of eight subjects at rest and in a different three during exercise. In some of the other subjects the arterial concentrations were lower than the venous dye concentrations whereas in others they were higher. The direction of the difference between arterial and venous concentrations remained the same throughout the course of an infusion, but varied between the different work loads in most subjects.
It was concluded that thorough mixing of dye and blood had occurred in all subjects by the time the indicator reached the sampling sites in the femoral vein. On the arterial side, however, uniform dispersion of dye and blood was not always achieved.
Duration of infusion. With the constant-rate indicator-infusion technique the infusion must be continued beyond the longest circulation time between the infusion and sampling sites to allow equilibration of dye and blood in the entire vascular system (Zierler, 1961) . In these experiments the time required to reach equilibrium was taken as the time necessary to achieve a constant difference in femoral venous dye concentration between the two legs, recirculation of dye being estimated from the dye concentrations in the femoral vein of the opposite leg. The results (Fig. 2) show that under resting conditions representative blood samples may not be obtained until after 3 min of infusion; during exercise at a work load of 400 kpm/rnin, however, only 1 min 20 s need elapse. At the heavier work loads the time required to reach equilibrium was shorter but its duration was not defined in the present study.
Recirculation. At rest the first trace of recirculating dye was usually detected after 20-40 s and the concentration increased curvilinearly with time. After 3 min infusion it amounted to 8-10% of the concentration in the femoral vein of the infused leg. During exercise the recirculating dye concentration became a substantially larger fraction of the concentration in the femoral vein of the infused leg (Fig. 1) ; significant recirculation was always detected after only 20 s and there was a gradual curvilinear rise throughout the infusion.
Reproducibility. Duplicate determinations of leg blood flow were performed at rest and during exercise by using the routine procedure described in the Methods and Procedure section except that the higher infusion rate of 30-35 ml/min was used in some studies (Fig. 3) . The standard deviation for a single determination of blood flow during exercise in all studies was 0·13 l/min in the range 1'9-5'9 l/min, The error of the method expressed as the coefficient of variation for a single determination was 3'6% (mean flow 3·6 l/min). In three subjects, exercising at 400, 800 and 1200 kpm/rnin respectively, several consecutive measurements of blood flow were made during I h exercise periods. The results of repeated measurements showed consistent blood flow values throughout the exercise period (Fig. 4) .
Comparison of infusion of dye into femoral artery and femoral vein. Leg blood flow was measured in one subject on two occasions. On the first occasion dye was infused into the femoral artery and on the second it was infused through a catheter inserted 22 cm in the distal direction from the inguinal ligament in the femoral vein. In both studies complete agreement was found between dye concentrations measured at two different levels in the proximal femoral vein, in accordance with the assumption that mixing occurs on the venous side. The calculated blood flow values are given in Fig. 5 .
Studies of leg blood flow and oxygen uptake
Eight subjects were studied at rest and during exercise which was increased in steps from 400 to 800 and 1200 kpm/rnin. Leg blood flow was measured after 6 min exercise at each work load; blood samples were obtained for analysis of oxygen saturation, expired air was collected Flo. 2. Build-up curves for the dye concentration in femoral venous blood during infusion of dye into the femoral artery at rest and during exercise at work loads 400, 800 and 1200 kpm/min. Correction has been made for recirculating dye and the concentrations are expressed as a percentage of the final concentration. 
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Exercise (kpm/min) and heart rate measured immediately after the flow determination. Leg oxygen uptake was calculated as the product of leg blood flow and femoral arterio-venous oxygen difference. Leg blood flow and oxygen uptake are shown in Table 4 . Leg blood flow at rest was 0·42± 0·10 l/min or 3'9±0'7 ml mint 100 mlt • Corresponding results for leg oxygen uptake were 29±7 ml/min and 0·27±0·07 ml mint 100 mr '. Linear relationships were found between leg blood flow and both work intensity (r = 0'98, P<O·ooI) and pulmonary oxygen uptake (r = 0'98, P<O·ool, Fig. 6 ) for the range of work loads studied. A slight but not statistically (r) for the regressions of blood flow and oxygen uptake of the leg, expressed as ml/min and ml min -1 100 ml-1 leg volume respectively, on work load, relative work load (fraction of PWC I70), pulmonary oxygen uptake and heart rate Relative Pulmonary Work work oxygen Heart load load uptake rate
Leg blood flow ml/min 0'982 0·973 0·984 0·942 ml min-I 100 ml-1 0'965 0·981 0·965 0·962
Leg oxygen uptake ml/min 0'988 0'980 0'988 0·945 ml min-I 100 ml-1 0·973 0'988 0·971 0·964 significant trend towards curvilinearity was noted for these relationships. Leg oxygen uptake was linearly correlated to work intensity (r = 0,99, P<O'OOl) and to pulmonary oxygen uptake Fig. 7) . Correlation coefficients for some other interrelationships are given in Table 5 . Mechanical efficiency for the whole body did not differ significantly at the different work loads; the average value was 24'4± 1·2%. Leg mechanical efficiency also remained constant at the different work loads, the average value being 34·4 ± 3'4%.
DISCUSSION
The procedure suggested for determination of leg blood flow has the advantage of not requiring complicated or specialized equipment. The catheters may be very thin and the procedure is relatively non-traumatic. The reproducibility is acceptable (coefficient of variation 3·6%) and comparable with that for forearm blood flow measurements with a similar method (Wahren, 1966) .
The present procedure requires that uniform dispersion of indicator occurs before the blood reaches the sampling site in the femoral vein. That this is achieved both at rest and during exercise is indicated by the finding of nearly identical concentrations of indicator at two different levels of the femoral vein. Theoretically, the tips of the two catheters may have been placed in the same stream line of a non-homogeneous mixture of blood and indicator, but it seems unlikely that this would occur in all subjects and at all work loads studied. It is noted that mixing was not achieved on the arterial side in more than three of eight subjects. By using the higher infusion rate (30-35 ml/min), and the same catheter dimensions, mixing has been induced during infusion into the brachial artery of the exercising forearm (Wahren, 1966) . However, hydrodynamic considerations suggest that the larger diameter of the femoral artery calls for an infusion with higher kinetic energy to create local turbulence and adequate mixing. The evidence thus suggests that mixing occurs in the femoral vein at a point proximal to the confluence of the saphenous vein, but distal to the inguinal ligament. Consequently, the indicator may be infused not only into the femoral artery, but equally well into a distal site on the venous side. This conclusion is supported by the results of the experiment in which dye was infused into the femoral artery and femoral vein on different occasions in the same subject (Fig. 5) .
In normal subjects the femoral artery-femoral venous system serves all the muscles predominantly involved in cycling (Houtz & Fischer, 1959) and it thus appears reasonable to equate the measured femoral venous flow with leg blood flow. Since femoral venous rather than femoral arterial flow is measured, additional arterial inflow through collateral arterial channels will be included in the flow estimation. However, if there were partial obstruction in the iliac vein with significant collateral venous outflow by superficial veins, the flow measured would be influenced and even invalidated, depending on the anatomy of the collateral venous channels.
The present results for leg blood flow at rest (0'42 I/min) are in general agreement with those previously obtained by using the thermodilution technique (0'57 l/min, Ganz et al., 1964) , other dye-dilution procedures (0'33 I/min, Hobbs & Edwards, 1963; 0'44 I/min, Pentecost, 1964; 0·33 I/min, Cobb et al., 1969) and direct measurement of flow in the common iliac artery after reconstructive surgery in patients with arteriosclerotic lesions (0'32 I/min, Cronestrand, Ekestrom & Holmgren, 1971) . The calculated value for leg oxygen uptake of 0·27 ±0'07 ml min"! 100 ml"! in the present study is close to the value ofO'26±0'05 ml min-1 100 ml"! reported by Hlavova, Linhart, Prerovsky, Ganz & Fronek (1966) but somewhat higher than the value of 0·17 ml min " ! 100 ml-1 obtained by Asmussen, Christensen & Nielsen (1939) by measuring pulmonary oxygen uptake before and after occluding the circulation to the legs.
During exercise, leg blood flow was found to increase linearly with work load and pulmonary oxygen uptake, which agrees with previous reports for patients with obliterative changes ofthe leg arteries over a more limited range of physical exertion (Hlavova et al., 1965; Cronestrand et al., 1971) . The slope of the regression of leg blood flow on pulmonary oxygen uptake found by Cronestrand et al. (1971) was less steep than in the present study; this may be explained in part by the fact that they studied post-operative rather than 'healthy subjects and that their patients exercised supine rather than upright. Information about leg blood flow during upright exercise over the range of work intensities we have studied does not appear to be available for comparison.
The calculated whole-body mechanical efficiency during exercise averaged 24 ± 1%, which agrees well with other measurements of mechanical efficiency during bicycle exercise (Astrand, 1960; Poulsen & Asmussen, 1962) . Few studies on leg mechanical efficiency are available, but Cronestrand et al. (1971) report a mean of 43±9% and even higher values may be calculated from the results of Pentecost (1964) . Several factors may influence the calculation of mechanical efficiency during steady-state exercise in the present experimental situation; it is essential that both legs contribute equally to the work performed and that the exercise involves only minimal engagement of leg muscles other than those supplied or drained by the vessels in which flow is measured. The presence of significant collateral circulation (although not likely to be a source of error in the present study) must be considered, particularly when measurements are made on the arterial side in patients with obliterative arterial disease, as discussed by Cronestrand et al. (1971) . The finding of a leg mechanical efficiency of 34% in the range 400-1200 kpm/min does not seem unreasonable in relation to the value for muscular work efficiency of approx. 30% arrived at by thermodynamic considerations (Whipp & Wasserman, 1969) . Donald, Wormald, Taylor & Bishop (1957) , who were among the first to study the haemodynamics of the exercising leg in man, suggested a formula for the estimation of leg blood flow during exercise which was based on the assumption that all of the body's extra oxygen uptake results from oxygen consumption by the leg muscles. Such formulae have subsequently been used widely (Carlson & Pernow, 1959 Bellman & Zetterquist, 1966; Havel, Pernow & Jones, 1967; Pernow & Zetterquist, 1968; Linderholm, Miiller, Ringquist & Somas, 1969) although the excess of oxygen uptake is usually modified by a factor of 80 % (Carlson & Pernow, 1959) . The finding in the present study of a linear relationship between leg and pulmonary oxygen uptake justifies the use of such a formula for approximate calculations.
At rest 24 ± 6% of the total oxygen uptake was distributed to the legs (Table 4) in the young athletic subjects we studied. It follows that leg blood flow at rest (F J may be estimated from the expression:
F R = 0'24xV oa/A-Voa
The subscripts Rand E in the following refer to measurements at rest and during exercise, respectively. During exercise a constant fraction of the increase in total oxygen uptake went to the legs, and amounted to 71±8, 72 ± 8, 72± 4% at 400, 800 and 1200kpm/min respectively. These values are lower than those assumed by Donald et al. (1957) and Carlson & Pernow (1959) , but higher than the 53% measured by Cronestrand et al. (1971) . When the pulmonary oxygen uptake and the femoral arterio-venous oxygen difference during exercise (A -V02R) are known, the leg blood flow during exercise (FE) may thus be estimated from the expression: F _ 0·24 x V 02R +0'72(V02R-V02R)
E-

A-V 02R
Results from the present study have been inserted in the above expressions and the regression of the estimated leg blood flow on work intensity calculated. The resulting correlation coefficient was 0·97 (P<O·ool) which indicates that the use of mean values to estimate the fraction of total oxygen uptake accounted for by the legs does not cause excessive dispersion of the calculated values. However, it is important to emphasize that our results relate only to bicycle exercise in the range 400-1200 kpmjmin performed by young healthy individuals in the upright position. The type of work performed, body posture and degree of physical conditioning are among the factors that appear likely to influence the constants used in the equation to estimate flow.
